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Influence of ocean-atmospheric oscillations on lake ice phenology  4 
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Abstract 2XUUHVXOWVUHYHDOORQJWHUPWUHQGVLQLFHRXWGDWHVIRUWZHOYH1 
ODNHVLQ0DLQH1HZ%UXQVZLFNDQG1HZ+DPSVKLUHLQHDVWHUQ1RUWK$PHULFD7KH2 
WUHQGVDUHUHPDUNDEO\FRKHUHQWEHWZHHQODNHVUV pDQG3 
FRUUHODWHFORVHO\ZLWKWKH0DUFK$SULO0$LQVWUXPHQWDOWHPSHUDWXUHUHFRUGVIURPWKH4 
UHJLRQUV p7KLVFRUUHODWLRQSHUPLWVXVHRILFHRXWGDWHVDVD5 
SUR[\WRH[WHQGWKHVKRUWHU0$LQVWUXPHQWDOUHFRUG0HDQLFHRXWGDWHV6 
WUHQGHGSURJUHVVLYHO\HDUOLHUGXULQJWKHUHFRYHU\IURPWKH/LWWOH,FH$JHWKURXJKWRWKH7 
VDQGJUDGXDOO\EHFDPHODWHUDJDLQWKURXJKWRWKHODWHVZKHQLFHRXW8 
GDWHVKDGUHWXUQHGWRYDOXHVPRUHW\SLFDORIWKHODWHWKFHQWXU\3RVW¶VLFHRXW9 
GDWHVUHVXPHGWUHQGLQJWRZDUGHDUOLHUGDWHVZLWKWKHVWFHQWXU\EHLQJ10 
FKDUDFWHUL]HGE\WKHHDUOLHVWLFHRXWGDWHVRQUHFRUG6SHFWUDODQGZDYHOHWWLPHVHULHV11 
DQDO\VLVLQGLFDWHWKDWLFHRXWLVLQIOXHQFHGE\VHYHUDOWHOHFRQQHFWLRQVLQFOXGLQJWKH12 
4XDVLELHQQLDO2VFLOODWLRQ(O1LxR6RXWKHUQ2VFLOODWLRQ1RUWK$WODQWLF2VFLOODWLRQDV13 
ZHOODVDVLJQLILFDQWFRUUHODWLRQEHWZHHQLQODQGODNHUHFRUGVDQGWKH$WODQWLF14 
0XOWLGHFDGDO2VFLOODWLRQ7KHUHODWLYHLQIOXHQFHRIWKHVHWHOHFRQQHFWLRQVLVYDULDEOH15 
ZLWKQRWDEOHVKLIWVRFFXUULQJDIWHUaaDQGa7KHLQWHUPLWWHQW16 
H[SUHVVLRQRIWKHVHF\FOHVLQWKHLFHRXWDQG0$LQVWUXPHQWDOUHFRUGLVQRWRQO\17 
LQIOXHQFHGE\DEVROXWHFKDQJHVLQWKHLQWHQVLW\RIWKHYDULRXVWHOHFRQQHFWLRQVDQG18 
RWKHUFOLPDWHGULYHUVEXWWKURXJKSKDVHLQWHUIHUHQFHEHWZHHQWHOHFRQQHFWLRQVZKLFK19 
SHULRGLFDOO\GDPSVWKHYDULRXVVLJQDOV20 
 21 
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1 Introduction 1 
'LVWLQJXLVKLQJWKHUHODWLYHFRQWULEXWLRQVRIQDWXUDOFOLPDWHYDULDELOLW\IURP2 
DQWKURSRJHQLFFDXVHVLVDQLPSRUWDQWIRFXVRIFOLPDWHFKDQJHUHVHDUFK6WRFNHUHWDO3 
+RZHYHUWKHVKRUWDYDLODEOHLQVWUXPHQWDOUHFRUGSUHVHQWVDPDMRUGLIILFXOW\WR4 
LQYHVWLJDWRUV$QGHUVRQHWDO/HZLVDQG&XUU\3KHQRORJLFDOLQIRUPDWLRQ5 
WKHVWXG\RIFKDQJHVLQWKHGDWHRIUHFXUULQJQDWXUDOSKHQRPHQDFDQEHXVHGDVD6 
SUR[\WRVLJQLILFDQWO\H[WHQGDYDLODEOHLQVWUXPHQWDOGDWD)XWWHU/DNHLFH7 
SKHQRORJ\VHULHVIURPPLGKLJKODWLWXGHUHJLRQVDUHFRPSULVHGRIWKHFDOHQGDUGDWHV8 
ZKHQLFHIRUPVLQWKHIDOODQGPHOWVLQWKHVSULQJ7KHDQQXDOGDWHVLQWKHVSULQJ9 
ZKHQZLQWHULFHFRYHUOHDYHVDODNHKDVFRPHWREHNQRZQDV³LFHRXW´+RGJNLQV10 
,FHRXWLVVRPHWLPHVUHIHUUHGWRDV³LFHRII´HJ*KDQEDULHWDODQG³LFH11 
EUHDNXS´HJ6KDUPDDQG0DJQXVRQ,FHRXWUHFRUGVDUHPRUHYDOXDEOH12 
WKDQLFHIRUPDWLRQUHFRUGVDVWKHEUHDNXSDQGGLVDSSHDUDQFHRILFHIURPDODNHLQWKH13 
VSULQJFDQRFFXUYHU\TXLFNO\KUVZKHUHDVIDOOIUHH]HXSPD\WDNHPDQ\GD\V14 
DQGPD\EHSXQFWXDWHGE\VHYHUDOIUHH]HWKDZF\FOHVEHIRUHLFHILQDOO\VHWWOHVLQIRU15 
WKHZLQWHU5REHUWVRQHWDO,FHRXWGDWHVIRUODNHVFRUUHODWHPRVWVWURQJO\ZLWK16 
ORFDOODWHZLQWHUDLUWHPSHUDWXUHVDQGWKXVSURYLGHDQLPSRUWDQWTXDQWLWDWLYHDQG17 
DQQXDOO\UHVROYHGVRXUFHRIK\GURORJLFGDWDIRUODWHZLQWHUHDUO\VSULQJFOLPDWH18 
FKDQJH)XWWHU+RGJNLQV+RGJNLQVHWDO/LYLQJVWRQHDQG$GULDQ19 
6KXWHUHWDO7KHVHGDWDKDYHEHHQFRPSLOHGSULPDULO\E\DPDWHXU20 
FLWL]HQVFLHQWLVWVIRUDYDULHW\RISXUSRVHVLQFOXGLQJGHWHUPLQLQJILVKLQJVHDVRQV21 
HVWLPDWLQJWKHVSULQJRSHQLQJRIIHUU\ERDWURXWHVFRPPXQLW\FRQWHVWVDQGJHQHUDO22 
FXULRVLW\)XWWHU+RGJNLQVHWDO0DQ\LFHRXWUHFRUGVH[WHQGZHOOEDFN23 
 5 
LQWRWKHWKFHQWXU\DQGDUHVSUHDGWKURXJKRXWWKHQRUWKHUQKHPLVSKHUHHJ1 
0DJQXVRQHWDO$VVXFKWKHVHUHFRUGVSURYLGHDQLPSRUWDQWSUR[\IRUODWH2 
ZLQWHUHDUO\VSULQJFOLPDWHLQHDVWHUQ1RUWK$PHULFDZKLFKH[WHQGVEH\RQGGDWD3 
DYDLODEOHIURPLQVWUXPHQWDOFOLPDWHVWDWLRQV7HPSRUDOFKDQJHLQLFHRXWGDWHVLVWKXV4 
DXVHIXOSUR[\LQWHPSHUDWXUHUHFRQVWUXFWLRQDVHDUOLHUODWHULFHXSEUHDNXSLV5 
LQGLFDWLYHRIZDUPHUFRROHUVSULQJWHPSHUDWXUHV$VVHODQG5REHUWVRQ,Q6 
VRPHDUHDVUHFRUGVRIVXIILFLHQWOHQJWKDUHFRPPRQHQRXJKWKDWERWKWHPSRUDO7 
WUHQGVDQGVSDWLDOSDWWHUQVKDYHEHHQDQDO\]HGHJ%HQVRQHWDO'XJXD\HW8 
DO0DJQXVRQHWDOSDUWLFXODUO\LQ)LQODQG.RUKRQHQ.XXVLVWR9 
.XXVLVWRDQG(OR6ZHGHQ:H\KHQPH\HUHWDO1HZ(QJODQG10 
+RGJNLQVHWDO6RXWKHUQ2QWDULR)XWWHUDQGWKH*UHDW/DNHVUHJLRQRI11 
1RUWK$PHULFD0DJQXVRQHWDO&RKHUHQF\DQDO\VLVDQG0RUDQ(LJHQYHFWRU12 
0DSV0(0DUHWZRH[DPSOHVRIDQDO\WLFDODSSURDFKHVXVHGSUHYLRXVO\WRTXDQWLI\13 
WKHLQIOXHQFHRIFOLPDWHF\FOHVDQGWUHQGVRQLFHRXWWKURXJKRXWWKHQRUWKHUQ14 
+HPLVSKHUHLQFOXGLQJ1HZ(QJODQGHJ0DJQXVRQHWDO0DJQXVRQHWDO15 
*KDQEDULHWDO6KDUPDHWDO6KDUPDDQG0DJQXVRQ,Q16 
LFHRXWFRPSLODWLRQVIURP1HZ(QJODQGLQHDVWHUQ1RUWK$PHULFDWKHROGHVWNQRZQ17 
UHFRUGLQWKHUHJLRQH[WHQGVEDFNWR$'DW6HEDJR/DNH0DLQH+RGJNLQV18 
ZLWKPDQ\RWKHUGRFXPHQWHGUHFRUGVVSDQQLQJDWOHDVWWKHSDVW\HDUV2I19 
WKUHHSUHYLRXVO\XQSXEOLVKHGLFHRXWUHFRUGVIURPDGMDFHQW1HZ%UXQVZLFNWKHROGHVW20 
DYDLODEOHLVD\HDUUHFRUGIURP2URPRFWR/DNHWKDWH[WHQGVWR3UHYLRXV21 
UHVHDUFKRQLFHRXWUHFRUGVIURP1HZ(QJODQGKDVUHFRJQL]HGWKDWWKHUHKDVEHHQD22 
VLJQLILFDQWVKRUWHQLQJRIWKHLFHFRYHUVHDVRQIURPWKHODWHWKFHQWXU\WRWKHHDUO\23 
 6 
VWFHQWXU\DWDUDWHRIWRGD\VGHFDGHWKURXJKWKHODVW\HDUV+RGJNLQV1 
+RGJNLQVHWDO+XQWLQJWRQHWDO$VLPLODUWUHQGKDVEHHQ2 
REVHUYHGHOVHZKHUHLQWKHQRUWKHUQKHPLVSKHUHHJ%HQVRQHWDO)XWWHU3 
*KDQEDULHWDO0DJQXVRQHWDO3URZVHHWDO4 
7KHDTXDWLFHFRV\VWHPVHUYLFHVFRQWULEXWHGE\WKHVRIODNHVLQHDVWHUQ5 
1RUWK$PHULFDSOD\DQLQWHJUDOUROHLQWKHOLYHVRIWKHSHRSOHZKROLYHWKHUH7KHVH6 
ODNHVVXSSRUWWKHHFRQRPLFZHOOEHLQJRIHQWLUHFRPPXQLWLHVDQGSURYLGHDQLPSRUWDQW7 
UHFUHDWLRQDOUHVRXUFHFOHDQGULQNLQJZDWHUZDWHUVWRUDJHWRRIIVHWWKHLPSDFWRI8 
GURXJKWVDQGDPHDQVWRSUHVHUYHZLOGOLIHELRGLYHUVLW\DQGKDELWDWLQDGGLWLRQWRWKHLU9 
QDWXUDODHVWKHWLFEHDXW\(QYLURQPHQWDQG/RFDO*RYHUQPHQW1HZ%UXQVZLFN10 
0DLQH'HSWRI(QYLURQPHQWDO3URWHFWLRQ&KDQJHVLQLFHRXWGDWHVKDYHD11 
VLJQLILFDQWLQIOXHQFHRQWKHK\GURHFRORJ\RIODNHV)RUH[DPSOHHDUOLHULFHRXWGDWHV12 
UHVXOWLQZDUPHUVSULQJZDWHUWHPSHUDWXUHVDVZHOODVLQFUHDVHGOLJKWDYDLODELOLW\DQG13 
FKDQJHVWRFLUFXODWLRQSDWWHUQV+RGJNLQV5HVXOWDQWFKDQJHVLQVSULQJDQG14 
VXPPHUSDWWHUQVDQGPHFKDQLVPVRISK\WRSODQNWRQDQG]RRSODQNWRQG\QDPLFV15 
VLJQLILFDQWO\DOWHUWKHWURSKLFVWUXFWXUHRIODNHHFRV\VWHPV$UKRQGLWLVHWDO16 
%OHQFNQHUHWDO8QGHUVWDQGLQJWKHG\QDPLFVRIRQJRLQJFKDQJHVLQLFHRXW17 
GDWHVWKXVKDVLPSRUWDQWLPSOLFDWLRQVIRUGHWHUPLQLQJWKHLPSDFWRIFOLPDWHFKDQJHRQ18 
K\GURORJ\WHUUHVWULDODQGDTXDWLFHFRV\VWHPVDQGWKHHFRQRP\RIWKLVUHJLRQ19 
7KH0DLQH1HZ%UXQVZLFN1HZ+DPSVKLUHLFHRXWGDWDVHWDQDO\]HGLQWKLVVWXG\20 
SURYLGHVDXQLTXHRSSRUWXQLW\WRDVVHVVWKHUHODWLRQVKLSEHWZHHQWKHYDULRXVODWH21 
ZLQWHUFOLPDWLFLQIOXHQFHVLQWKHUHJLRQIURP$'FRPSDULQJEHWZHHQODNHV22 
DQGDJDLQVWLQVWUXPHQWDOGDWD,QPDQ\FDVHVWKHDYDLODEOHLFHRXWGDWDUHDFKHV23 
 7 
PDQ\GHFDGHVIXUWKHULQWRWKHSDVWWKDQWKHDYDLODEOHLQVWUXPHQWDOUHFRUG,Q1 
SDUWLFXODUZHZLOOGHPRQVWUDWHWKHWHPSRUDOFRKHUHQFHRIVSDWLDOSDWWHUQVLQLFHRXW2 
GDWDLQODNHVIURP1HZ+DPSVKLUH0DLQHDQG1HZ%UXQVZLFN)LJ3 
GRFXPHQWFKDQJHVLQLFHRXWIRUWKHUHJLRQGXULQJWKHODWHWKFHQWXU\UHFRYHU\IURP4 
WKH/LWWOH,FH$JHDQGLPSDFWRISRVVLEOHDQWKURSRJHQLFLQIOXHQFHRQLFHRXWGXULQJ5 
WKHODWHWK±HDUO\VWFHQWXU\DQGXVHVSHFWUDODQGZDYHOHWWLPHVHULHVDQDO\VLV6 
WHFKQLTXHVWRUHFRJQL]HWUHQGVDQGF\FOHVLQWKHFOLPDWHGULYHUVWKDWLPSDFWWKHUHJLRQ7 
8 
2 Methods 9 
/DNH,FHRXWDQGFOLPDWHVWDWLRQGDWD10 
/DNHLFHRXWUHFRUGVIURP1+WKUHHODNHV0(VHYHQODNHVDQG1%WKUHH11 
ODNHVZLWKQHDUFRQWLQXRXVORQJWHUPLFHRXWUHFRUGVUDQJLQJIURPDVIDUEDFN12 
DVZHUHVHOHFWHGIRUDQDO\VLV6XS7DEOH$OWKRXJK6HEDJR/DNH0(13 
KDVLFHRXWUHFRUGVGDWLQJEDFNWR+RGJNLQVLWZDVQRWXVHGLQWKLV14 
VWXG\DVVLJQLILFDQWJDSVLQWKDWUHFRUGXQIRUWXQDWHO\SUHFOXGHGWLPHVHULHV15 
DQDO\VLVDSUHUHTXLVLWHRIODNHVFKRVHQIRUWKLVVWXG\/DNH8WRSLD16 
DQG6NLII/DNHLQ1%KDGVKRUWHUUHFRUGVWKDQWKHRWKHUODNHVEXW17 
ZHUHLQFOXGHGWRH[WHQGFRYHUDJHIXUWKHUHDVWZDUG7KHDQGHDUOLHU1+18 
DQG0(LFHRXWGDWHVZHUHREWDLQHGIURPWKHFRPSLODWLRQRI+RGJNLQV19 
ZLWKODWHU0(LFHRXWGDWHVREWDLQHGIURPDQRQOLQHGDWDUHSRVLWRU\PDLQWDLQHGE\20 
WKH0DLQH'HSDUWPHQWRI$JULFXOWXUH&RQVHUYDWLRQDQG)RUHVWU\$SSHQGL[21 
3RVWUHFRUGVIRU1+DQGDOO1%UHFRUGVZHUHREWDLQHGIURPZHEVLWHV22 
KRVWHGE\ORFDOODNHDVVRFLDWLRQV$SSHQGL[:LWKWKHH[FHSWLRQRI/DNH23 
 8 
$XEXUQDOOODNHVDUHORFDWHGLQUHPRWHRUUXUDOVHWWLQJV1 
&KDQJHVLQODNHPRUSKRORJ\HJGHSWKDQGVXUIDFHDUHDJHQHUDOO\GRQRW2 
LPSDFWWKHWHPSRUDOFRKHUHQFHRILFHRXWGDWHV:\QQHHWDODQGLQDQ\3 
FDVHPRVWODNHVLQWKHVWXG\DUHDKDYHXQGHUJRQHOLWWOHPRUSKRORJLFDOFKDQJH4 
,FHRXWFULWHULDGLIIHUEHWZHHQWKHODNHV$SSHQGL[EXWKDYHIRUWKHPRVWSDUW5 
EHHQFRQVLVWHQWO\DSSOLHGDVREVHUYHUVFKDQJHGRYHUWLPHUHVXOWLQJLQQHJOLJLEOH6 
LPSDFWRQUHSRUWHGLFHRXWGDWHV+RGJNLQVHWDO6XS)LJ)ROORZLQJ7 
SDVWSUDFWLFH-XOLDQFDOHQGDULFHRXWGDWHVLQFOXGLQJLQFOXVLRQRIOHDS\HDUV8 
ZHUHXVHGLQDOODQDO\VHV6XS7DEOH8VLQJDFDOHQGDUGDWHUDWKHUWKDQXVLQJ9 
WLPLQJUHODWLYHWRYHUQDOHTXLQR[LQWURGXFHGDVPDOOELDVHJDPD[LPXPRI10 
GD\VIRULFHRXWGDWHVVSDQQLQJ$'6DJDULQ11 
/DWHZLQWHU0DUFK$SULO0$DLUWHPSHUDWXUHGDWDZDVREWDLQHGIURPILYH12 
FOLPDWHVWDWLRQVWKDWVSDQQHGWKHUHJLRQ$SSHQGL[IRXU12$$1DWLRQDO13 
&OLPDWLF'DWD&HQWHU1&'&8QLWHG6WDWHV+LVWRULFDO&OLPDWRORJ\1HWZRUN14 
86+&1VLWHVLQWKH86>+RXOWRQ0(2URQR0(15 
/HZLVWRQ0(+DQRYHU1+DQGRQHSDUWLFXODUO\ORQJ16 
(QYLURQPHQW&DQDGD6XUIDFH$LU7HPSHUDWXUH'DWDVLWHIURP)UHGHULFWRQ1%17 
6WDWLRQVZHUHVHOHFWHGEDVHGRQUHFRUGFRQWLQXLW\DQGWRSURYLGHD18 
EURDGFRYHUDJHRI0$WHPSHUDWXUHVDFURVVWKHUHJLRQ$OOWHPSHUDWXUHGDWDZDV19 
VXEMHFWWRTXDOLW\FRQWUROKRPRJHQHLW\WHVWLQJDQGDGMXVWPHQWVDSSOLHGIRU20 
FKDQJHVLQREVHUYDWLRQWLPHLQVWUXPHQWDWLRQVWDWLRQORFDWLRQDQGXUEDQKHDW21 
LVODQGHIIHFWV+RGJNLQVHWDO9LQFHQWHWDO0DUFK$SULO22 
WHPSHUDWXUHGDWDZDVXVHGLQWKLVVWXG\DVLWKDVSUHYLRXVO\EHHQGHPRQVWUDWHG23 
 9 
WKDWWKHUHLVDVWURQJFRUUHODWLRQEHWZHHQODWHZLQWHUHDUO\VSULQJDLU1 
WHPSHUDWXUHVDQGLFHRXWGDWHV)XWWHU+RGJNLQV+RGJNLQVHWDO2 
/LYLQJVWRQHDQG$GULDQ6KXWHUHWDO3 
&RUUHODWLRQVEHWZHHQLFHRXWGDWHVDQGLQVWUXPHQWDOGDWDZHUHFDUULHGRXW4 
XVLQJ6SHDUPDQ¶VUDQNFRUUHODWLRQIROORZLQJWKHUHVXOWVIURP6KDSLUR:LON5 
QRUPDOLW\WHVWV7RJHQHUDWHUHJLRQDOFRPSLODWLRQVLFHRXWDQGLQVWUXPHQWDOGDWD6 
ZHUHFRPSLOHGDQGDYHUDJHDQQXDOYDOXHVZHUHFDOFXODWHG/RZHVVVPRRWKLQJ7 
IXQFWLRQV&OHYHODQGZHUHDSSOLHGWRJHQHUDWHGLPHQVLRQDOGDWD8 
VXPPDULHVFRQILGHQFHEDQGVZHUHHVWLPDWHGXVLQJERRWVWUDSSLQJ9 
UDQGRPUHSOLFDWHV,QRUGHUWRUHWDLQWKHVWUXFWXUHRIWKHLQWHUSRODWLRQWKH10 
SURFHGXUHXVHGUHVDPSOLQJRIUHVLGXDOVUDWKHUWKDQUHVDPSOLQJRIRULJLQDOGDWD11 
SRLQWV12 
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6SHFWUDODQDO\VLV14 
:HXVHGVSHFWUDODQDO\VLVWRH[DPLQHWKHWLPHVHULHVLQWKHIUHTXHQF\GRPDLQ15 
:HXVHGWKH)RUWUDQSURJUDP5('),7ZKLFKLVEDVHGRQ/RPE6FDUJOH16 
)RXULHU7UDQVIRUP$UXQVWHVWVKRZHGWKDWDUHGQRLVHPRGHOZDVDSSURSULDWH17 
IRUWKHLFHRXWDQGLQVWUXPHQWDOGDWDLHZLWKLQDFFHSWDQFHLQWHUYDO $18 
UHFWDQJXODUZLQGRZZDVXVHGDQGWKHVWDWLVWLFDOVLJQLILFDQFHRIVSHFWUDOSHDNV19 
ZDVWHVWHGXVLQJDSDUDPHWULFDSSURDFKDQGFIDOVHDODUP20 
OHYHOVDJDLQVWDUHDOLVWLFQXOOK\SRWKHVLVRIUHGDXWRFRUUHODWHGQRLVH6FKXO]21 
DQG6WDWWHJJHU6FKXO]DQG0XGHOVHH6FKZDU]DFKHU:HDOVR22 
XVHGWKHPXOWLWDSHUPHWKRG0707KRPVRQZKLFKLVFRPPRQO\XVHGIRU23 
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DQQXDOO\UHVROYHGGDWDHJ/HHVDQG3DUNKRZHYHUPLVVLQJ\HDUVRU1 
EORFNVRI\HDUVPHDQWWKDWLQWHUSRODWLRQWRDQQXDOLQWHUYDOZDVQHHGHGLQSODFHV2 
ZKLFKSRWHQWLDOO\LQWURGXFHGELDVE\HQKDQFLQJWKHORZIUHTXHQF\FRPSRQHQWVDW3 
WKHH[SHQVHRIKLJKIUHTXHQF\FRPSRQHQWV6FKXO]DQG 0XGHOVHH4 
7KHUHIRUHZHGHFLGHGWRUHO\RQWKHUHVXOWVRIWKH5('),7VSHFWUDODQDO\VLV5 
1HYHUWKHOHVVWKHUHZDVYHU\JRRGFRUUHVSRQGHQFHEHWZHHQWKHUHVXOWVRIWKH6 
WZRPHWKRGV7 
 8 
:DYHOHWDQDO\VLV9 
&RQWLQXRXVZDYHOHWWUDQVIRUPV&:7ZHUHXVHGWRGHWHUPLQHWKHWHPSRUDO10 
QDWXUHRIFRQWLQXRXVDQGGLVFRQWLQXRXVSHULRGLFLWLHV7RUUHQFHDQG&RPSR11 
,QWHUSRODWLRQZDVFDUULHGRXWRYHUDQ\PLVVLQJ\HDUVDQGWKH0RUOHWPRWKHU12 
ZDYHOHWZDVXVHG&URVVZDYHOHW;:7DQG:DYHOHW&RKHUHQFH:7&13 
DQDO\VHVZHUHXVHGWRH[DPLQHFRPPRQIHDWXUHVLQZDYHOHWSRZHURIWZRWLPH14 
VHULHV0DUDXQDQG.XUWKV;:7LOOXVWUDWHVUHJLRQVZKHQWKHUHLVDKLJK15 
FRPPRQSRZHUEHWZHHQWZRWLPHVHULHVDQGDOVRVKRZVWKHSKDVHUHODWLRQVKLS16 
:7&LOOXVWUDWHVWKHORFDOFRUUHODWLRQEHWZHHQWZRFRQWLQXRXVZDYHOHWWUDQVIRUPV17 
&:7DQGFDQUHYHDOORFDOO\SKDVHORFNHGEHKDYLRU*ULQVWHGHWDO18 
%HIRUHDQDO\VLVWKHGDWDZHUHWUDQVIRUPHGLQWRDVHULHVRISHUFHQWLOHVZKLFKLVD19 
VLPSOHHIIHFWLYHWUDQVIRUPDWLRQIRUWLPHVHULHVGDWDZLWKWKHDGYDQWDJHWKDWLW20 
GRHVQRWKDYHDQ\RXWOLHUV*ULQVWHGHWDO$VLJQLILFDQFHOHYHORI21 
DJDLQVWDUHGQRLVHODJDXWRUHJUHVVLYHEDFNJURXQGZDVGHWHUPLQHGXVLQJ22 
0RQWH&DUORPHWKRGV*ULQVWHGHWDO&:7;:7DQG:7&DQDO\VHV23 
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ZHUHFDUULHGRXWXVLQJ3$67+DPPHUHWDODQGWKHµ&URVV:DYHOHW¶1 
SDFNDJHLQ0DWODEY*ULQVWHGHWDO0DUDXQDQG.XUWKV2 
7RUUHQFHDQG&RPSR3 
4 
3 Results 5 
,FHRXWGDWHFRUUHODWLRQWRLQVWUXPHQWDOUHFRUG6 
7KHGDWDIURPWKLVVWXG\LVFKDUDFWHUL]HGE\DVWURQJUHODWLRQVKLSU 7 
EHWZHHQODNHLFHRXWGDWHVDQGGLVWDQFHIURPWKHFRDVW)LJ/DNHVDWFRROHU8 
KLJKHUHOHYDWLRQVDOVRWHQGWRKDYHODWHULFHRXWGDWHV7KHUHLVDVOLJKWO\ZHDNHUEXW9 
VWLOOVWURQJUHODWLRQVKLSEHWZHHQHOHYDWLRQDQGLFHRXWGDWHVLQWKHGDWDU 10 
&RUUHODWLRQDQDO\VLVRIWKLVVDPHGDWD\LHOGHGVLPLODUUHVXOWVZLWKWKHUHEHLQJD11 
VLJQLILFDQWSRVLWLYHFRUUHODWLRQEHWZHHQGLVWDQFHIURPFRDVWDQGLFHRXWGDWHV12 
UV pDQGDVOLJKWO\ZHDNHUEXWVWLOOKLJKO\VLJQLILFDQWSRVLWLYHFRUUHODWLRQ13 
EHWZHHQLFHRXWGDWHVDQGHOHYDWLRQRIODNHVUV p,FHRXWGDWHVDFURVV14 
WKHUHJLRQKDVFKDQJHGFRQVLGHUDEO\WKURXJKWKHDYDLODEOH\HDULFHRXWUHFRUG15 
)LJ6XS7DEOH$OOODNHVLQWKLVGDWDVHWKDYHWUHQGHGWRZDUGHDUOLHULFHRXW16 
GDWHVDOWKRXJKWKHUHKDYHEHHQGHFDGDOVFDOHUHYHUVDOVLQWKHWHQGHQF\WRODWHULFH17 
RXWGDWHV7KHUHKDVDOVREHHQDVLPLODUYDULDWLRQLQ0$DLUWHPSHUDWXUHVWKURXJKWKH18 
DYDLODEOHLQVWUXPHQWDOUHFRUG6XS)LJ6XS7DEOHZLWKDWUHQGWRZDUGZDUPHU19 
WHPSHUDWXUHVWKURXJKWKHHQWLUHUHFRUGWHPSHUHGE\SHULRGLFUHYHUVDOVLQWKHUHFRUG20 
WKDWDUHFRKHUHQWDFURVVWKHUHJLRQ$IWHUDFFRXQWLQJIRUWKHFRQVLGHUDEOHYDULDWLRQLQ21 
DEVROXWHLFHRXWGDWHVEHWZHHQODNHVSULPDULO\UHODWHGWRFOLPDWHYDULDWLRQDVVRFLDWHG22 
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ZLWKGLVWDQFHIURPWKHFRDVWDQGHOHYDWLRQWKHUHLVDVWURQJFRKHUHQFHLQWKHSDWWHUQ1 
RILFHRXWDFURVVDOOODNHV)LJVUV p2 
/DNHLFHRXWGDWDDQGPHDQ0$DLUWHPSHUDWXUHGDWDIURPVHOHFWHGFOLPDWH3 
VWDWLRQVDFURVVWKHUHJLRQ6XS7DEOHZHUHDQDO\]HGXVLQJ6SHDUPDQ¶VUDQN4 
FRUUHODWLRQ6XS7DEOH7KHFRUUHODWLRQEHWZHHQDOOODNHVZDVVLJQLILFDQWUV 5 
pDQGGHVSLWHWKHUHEHLQJDVLJQLILFDQWFOLPDWHJUDGLHQWEHWZHHQ6 
WKHILYHFOLPDWHVWDWLRQVXVHGLQWKHVWXG\WKHUHZDVVLJQLILFDQWFRUUHODWLRQUV 7 
pEHWZHHQDOOFOLPDWHVWDWLRQV7KHFRUUHODWLRQDQDO\VLVLQGLFDWHGWKDW8 
WKHUHZDVDOVRDVWURQJFRUUHODWLRQEHWZHHQ0$DLUWHPSHUDWXUHVDWDOOFOLPDWH9 
VWDWLRQVDQGVSULQJLFHRXWGDWHVWKDWZDVVLJQLILFDQWUV p6XS10 
7DEOH7KHVWURQJFRUUHODWLRQEHWZHHQWKHODNHLFHRXWGDWHVDQGFOLPDWHVWDWLRQV11 
LQGLFDWHVWKDWLFHRXWGDWDFDQEHXVHGDVDSUR[\IRU0$WHPSHUDWXUHIRUWKFHQWXU\12 
LFHRXWUHFRUGVSUHGDWLQJWKHWKHUPRPHWHUUHFRUG13 
/RFDOO\ZHLJKWHGVFDWWHUSORWVPRRWKLQJ/2:(66RIERWKLFHRXWGDWDDQG14 
WKHUPRPHWHUGDWDSURYLGHIXUWKHUFRQILUPDWLRQRIWKHFORVHFRUUHODWLRQEHWZHHQWKH15 
WZRUHFRUGV)LJ7KH/2:(66SORWLQ)LJDVKRZLQJWKHWUHQGVIRUWKHHQWLUH16 
GDWDVHWSRVWDIWHUZKLFKWLPHFRPSOHWHUHFRUGVIRUDOORIWKHODNHVEHFRPH17 
DYDLODEOH&RDVWDOODNHVGRPLQDWHGWKHSUHUHFRUGDQGLQFOXVLRQRIHDUOLHULFH18 
RXWGDWHVRIWKHVHODNHV>$XEXUQIURP'DPDULVFRWWDIURP19 
&REERVVHHFRQWHHIURP@ZRXOGKDYHVNHZHGWKHUHVXOWVLQIDYRURIWKHW\SLFDOO\20 
PLOGHUFRQGLWLRQVDWWKHFRDVW7RGHWHUPLQHWKHUHODWLYHFKDQJHLQLFHRXWGDWHVIRU21 
SUHDVHSDUDWH/2:(66SORWIRUWKHUHFRUGIURP$XEXUQ'DPDUVLVFRWWDDQG22 
&REERVVHHFRQWHHODNHVLVLQFOXGHG)LJE7KHFORVHFRUUHODWLRQEHWZHHQWKH23 
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WUHQGVLQ)LJVDDQGEKLJKOLJKWWKHFRKHUHQFHRIWKHWUHQGGDWDGHVSLWHDEVROXWH1 
YDOXHGLIIHUHQFHVLFHRXWGDWHVEHWZHHQODNHVLQGLIIHUHQWFOLPDWH]RQHV7KH2 
/2:(66SORWRI0$WHPSHUDWXUHV)LJFLVUHVWULFWHGWRWKHSRVWUHFRUGZKHQ3 
FRPSOHWHWHPSHUDWXUHUHFRUGVIRUWKHWKHUPRPHWHUVWDWLRQVEHFDPHDYDLODEOH4 
,QFOXVLRQRIWKHUHFRUGIURP)UHGHULFWRQ1%ZKHUH0$WHPSHUDWXUHVDUH5 
JHQHUDOO\FRROHUWKDQVWDWLRQVWRWKHVRXWKZRXOGKDYHVNHZHGWKHWUHQGGDWDWR6 
ORZHUWHPSHUDWXUHV7 
7KH/2:(66LFHRXWSORWVSURYLGHDQRYHUDOOLQGLFDWLRQRIWKHWUHQGRILFHRXW8 
GDWHVDQGODWHZLQWHUFOLPDWHIURPWR7KHLQWHUYDORIWKHUHFRUGVSDQQLQJ9 
GHULYHGIURPWKHLFHRXWUHFRUGVIURP$XEXUQ'DPDULVFRWWDDQG10 
&REERVVHHFRQWHHODNHVZDVFKDUDFWHUL]HGE\SURJUHVVLYHO\ODWHULFHRXWGDWHV11 
LQGLFDWLQJFRROLQJ0$FRQGLWLRQV)LJE$FURVVWKHUHJLRQWKHLQWHUYDOIURPWR12 
ZDVFKDUDFWHUL]HGE\SURJUHVVLYHO\HDUOLHUPHDQLFHRXWGDWHVSXQFWXDWHGE\13 
GHFDGDOVFDOHUHYHUVDOVRIWKHWUHQGIURPDQG)LJDEF14 
7KH\HDULQWHUYDOVSDQQLQJZDVFKDUDFWHUL]HGE\SURJUHVVLYHO\ODWHULFH15 
RXWGDWHVWHPSRUDULO\UHWXUQLQJWRJHQHUDO0$FRQGLWLRQVWKDWODVWSUHYDLOHGLQWKH16 
VDOWKRXJKQRWDVFROGDVHDUOLHULQWKHWKFHQWXU\)LJDEF7KHODWWHUSDUW17 
RIWKHWKFHQWXU\ZDVFKDUDFWHUL]HGE\DUHWXUQWRSURJUHVVLYHO\HDUOLHULFHRXWGDWHV18 
ZLWKWKHHDUO\VWFHQWXU\EHLQJFKDUDFWHUL]HGE\WKHHDUOLHVWLFHRXWGDWHVRIWKH19 
HQWLUHUHFRUG)LJDEF20 
$VGLVFXVVHGDERYHLFHRXWUHVXOWVFRUUHODWHFORVHO\ZLWKWKHPHDQ0$21 
WHPSHUDWXUHUHFRUGVIURPWKHILYHFOLPDWHVWDWLRQVXVHGLQWKHVWXG\7KLVVLPLODULW\LV22 
IXUWKHUFOHDUO\GHPRQVWUDWHGE\D&:7FRPSDULVRQEHWZHHQWKHDYDLODEOH0$23 
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WHPSHUDWXUHUHFRUGDW/HZLVWRQDQGWUXQFDWHGLFHRXWUHFRUGVIURPDGMDFHQW/DNH1 
$XEXUQDQGQHDUE\ODNHV&REERVHHFRQWHHDQG'DPDULVRWWD)LJ&RUUHODWLRQ2 
DQDO\VLVEHWZHHQWKH/HZLVWRQWHPSHUDWXUHUHFRUGDQGWKHLFHRXWGDWDIURPWKHWKUHH3 
ODNHVLQGLFDWHVWKDWWKHUHLVJHQHUDOO\DVWURQJFRUUHODWLRQEHWZHHQWKHLQVWUXPHQWDO4 
DQGLFHRXWUHFRUGVLQWKHWKUHHODNHVUV p6XS7DEOH)LJF5 
6 
6SHFWUDODQGZDYHOHWWLPHVHULHVDQDO\VLV7 
6SHFWUDODQG&:7DQDO\VLVLGHQWLILHGVWDWLVWLFDOO\VLJQLILFDQWF\FOHVLQWKHLFHRXWGDWD8 
IURPHDFKODNH!IDOVHDODUPOHYHO6SHFWUDODQDO\VLVGHWHFWHGVWURQJSHULRGLFLW\9 
DWDQGRU\HDUVLQDOOODNHVZLWKWKHH[FHSWLRQRI/DNH:LQQLSHVDXNHH1+10 
ZKHUHWKHVDPHDQG\HDUF\FOHVZHUHVWLOOHYLGHQWEXWOHVVVLJQLILFDQW!11 
IDOVHDODUPOHYHO)LJ6XS7DEOH7KHVHF\FOHVPDWFKZHOOZLWKD\HDU12 
VLJQDOUHFRJQL]HGLQWKH0$DLUWHPSHUDWXUHUHFRUGVIURPDOOFOLPDWHVWDWLRQVIURPWKH13 
UHJLRQ6XS7DEOH)LJ7KLVF\FOHLVGLVFRQWLQXRXVEHLQJVWURQJLQDYDLODEOHLFH14 
RXWUHFRUGVSULRUWRWKHPLGVQHDUO\GLVDSSHDULQJXQWLOWKHHDUO\V15 
EHFRPLQJTXLWHVWURQJDJDLQXQWLOWKHHDUO\VZKHQLWGLVDSSHDUHGDJDLQXQWLO16 
a)LJ7KHVLJQDOWKHQRVFLOODWHGDWDSHQWHQQLDOVFDOHWKURXJKWKHEDODQFH17 
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